Sediment cores recovered by the Dead Sea Deep Drilling Project (DSDDP) from the deepest basin of the hypersaline, terminal Dead Sea (lake floor at ∼725 m below mean sea level) reveal the detailed climate history of the lake's watershed during the last interglacial period (Marine Isotope Stage 5; MIS5). The results document both a more intense aridity during MIS5 than during the Holocene, and the moderating impacts derived from the intense MIS5e African Monsoon. Early MIS5e (∼133-128 ka) was dominated by hyperarid conditions in the Eastern Mediterranean-Levant, indicated by thick halite deposition triggered by a lake-level drop. Halite deposition was interrupted however, during the MIS5e peak (∼128-122 ka) by sequences of flood deposits, which are coeval with the timing of the intense precession-forced African monsoon that generated Mediterranean sapropel S5. A subsequent weakening of this humidity source triggered extreme aridity in the Dead Sea watershed and resulting in the biggest known lake level drawdown in its history, reflected by the deposition of thick salt layers, and a capping pebble layer corresponding to a hiatus at ∼116-110 ka. The DSDDP core provides the first evidence for a direct association of the African monsoon with mid subtropical latitude climate systems effecting the Dead Sea watershed. Combined with coeval deposition of Arabia and southern Negev speleothems, Arava travertines, and calcification of Red Sea corals, the evidence points to a climatically wet corridor that could have facilitated homo sapiens migration "out of Africa" during the MIS5e peak. The hyperaridity documented during MIS5e may provide an important analogue for future warming of arid regions of the Eastern Mediterranean-Levant.
Introduction
The Dead Sea is a hypersaline, terminal lake occupying the lowest surface on Earth's continents, whose water surface is currently at ∼428 m below mean sea level (mbsl), and whose large (∼40 000 km 2 ) watershed spans the Mediterranean and the Saharo-Arabian climate zones (Fig. 1 ). Its volume increases during glacials and declines during interglacials, with amplified positive and negative responses of its levels, respectively. The mineralogy, grain sizes, and chemical and isotope compositions of the lake deposits reflect the regional climate during past glacial-interglacial The Dead Sea watershed. The lake receives waters from a large watershed encompassing the two above mentioned climate zones, and its composition and sedimentary record reflect the climate-hydrological conditions over a very large geographical area. A dashed blue line marks the approximate locus of the 400 mm/y isohyet beyond which a steep climate gradient leads to an extreme desert environment. Currently, most of the precipitation in the northern Dead Sea watershed comes the Mediterranean during the winter. The Negev Desert and Arava valley in the southern part of the watershed receive minor amounts of localized rain primarily associated with active Red Sea trough systems and tropical plumes (Ziv et al., 2006) . During the last interglacial the areas that currently receive rains from east Mediterranean sources were significantly drier. Locations of geological archives discussed in this paper: The DSDDP core location at the mid-Dead Sea; Then (by numbers): (1) Northern Sahara (Smith et al., 2007; Szabo et al., 1995) ; (2) Western Desert-Egypt (Crombie et al., 1997) ; (3) Nafud Desert (Rosenberg et al., 2013) ; (4) Oman Cave (Fleitmann et al., 2003) ; (5) Azraq Oasis-Jordan (Cordova et al., 2013) ; (6) South Jordan (Petit-Maire et al., 2010); (7) Yemen Cave (Fleitmann et al., 2011) ; (8) Soreq Cave (Bar-Matthews, 2014; Bar-Matthews et al., 2003) ; (9) Ma'ale Efrayim Cave (Vaks et al., 2003) ; (10) Arava valley travertines (Livnat and Kronfeld, 1985; Waldmann et al., 2010) ; (11) Tzavo'a Cave (Vaks et al., 2006) ; (12) Central and Southern Negev Caves (Vaks et al., 2007) ; (13) Gulf of Aqaba corals (Lazar and Stein, 2011). has occurred only in the deepest part of the lake. The Dead Sea Deep Drilling Project (DSDDP) conducted in 2010-2011 under the auspices of the Intercontinental Scientific Drilling Program (ICDP), recovered a detailed sedimentary record going back to MIS7, from the deepest basin of the modern lake (Neugebauer et al., 2014) . The drilling took place at a lake depth of 297 m, and the coring reached 456 m below the lake floor (mblf), recovering otherwise hidden sedimentary sections of the last interglacial low-stand lake. This study presents a 200 kyr climate record from the DSDDP core and focuses on the climate history of the Levant during the last interglacial MIS5. This time interval has relevance in the context of climate models indicating a more arid Middle East with increasing global temperatures (e.g., Held and Soden, 2006) , thus implying increased future fresh water scarcity in a water-starved and politically unstable region. Because the last interglacial peak (MIS5e, between ∼135-116 ka; Lisiecki and Raymo, 2005) was characterized by stronger insolation, warmer global temperatures, higher sea levels, and smaller continental ice sheets compared to the Holocene, the DSDDP core record provides a test of such predictions; thus, it serves as an analogue for a future warmer world. Our results show both extreme hyperaridity during MIS5e, including an unprecedented drawdown of Dead Sea water levels, as well as important impacts of a particularly strong precessioncontrolled African monsoon that generated a major sapropel (S5; Rohling et al., 2002; Rossignol-Strick, 1985) in the eastern Mediterranean.
Sedimentary records of the Dead Sea lakes and their hydroclimate connection
Previous studies on marginal terraces and short cores drilled along the Dead Sea shores have revealed that the lithology of the lacustrine sections directly reflects the watershed hydroclimatology (e.g., Begin et al., 1974; Bookman (Ken-Tor) et al., 2004; Haase-Schramm et al., 2004; Migowski et al., 2006; Stein et al., 1997; Yechieli et al., 1993) . A wet hydrological regime is represented by summer deposition of primary (evaporitic) aragonitic laminae. These laminae alternate with detrital quartz and calcite silt grains from desert dust origin (Haliva-Cohen et al., 2012) , that accumulated in the Dead Sea watershed and was washed into the lake during winters. The alternating aragonite and detritus couplets comprising the aad facies (Figs. 2, S1 ) reflect annual cycles of deposition (Begin et al., 1974; Prasad et al., 2004) . The Ca-chloride Dead Sea brine is poor in bi-carbonate and sulfate, required for aragonite or gypsum precipitation. These ions are supplied by freshwaters entering the lake during wet periods in the watershed, and support the precipitation of aragonite and gypsum, which are characteristic of wet glacial intervals in the Dead Sea lacustrine deposits (Stein et al., 1997; Torfstein et al., 2008 Torfstein et al., , 2005 . During arid periods, smaller amounts of bicarbonate and sulfate are supplied to the lake and the deposition is dominated the silty quartz and calcite grains comprising the laminated detritus (the ld facies; Haliva-Cohen et al., 2012) . This sediment comprises significant portions of the interglacial sequences exposed along the margins of the modern lake (e.g., the Amora/Samra and early Holocene Formations; Migowski et al., 2006; Torfstein et al., 2009; Waldmann et al., 2009) . Increasing aridity in the watershed is reflected by the deposition of gypsum, and hyperaridity along with significant lake level drops is reflected by deposition of halite. Thick sequences of halite have been recovered during shallow drilling along the Dead Sea margins to the base of the Holocene (Neev and Emery, 1967; Stein et al., 2010; Yechieli et al., 1993) .
U-Th ages and age model
U-Th ages were obtained on primary aragonites that comprise thin laminae of the aad facies throughout the core. Analytical procedures are summarized in the Supplementary Material. The approach to achieve U-Th (calendar) ages from the primary aragonites of the late Quaternary Dead Sea lacustrine sections was developed over several decades of research (Haase-Schramm et al., 2004; Kaufman, 1971; Kaufman et al., 1992; Schramm et al., 2000; Torfstein et al., 2013a) . The Dead Sea aragonites have been called "dirty carbonates" because they contain some detrital Th and U, and hydrogenous Th, all requiring the appropriate corrections to the simple age equation. Here, we estimated the U and Th concentrations and isotope compositions of the Detritus End Member (DEM) for each individual set of coeval sam- Fig. 3 . Age model and sedimentation rates. Anchor ages (red triangles) were determined based on the compilation of U-Th ages, correlation of defined stratigraphic layers to well dated counterparts on the basins margins, and a fit between the oxygen isotope stratigraphy and main lithological facies to the LR04 (Lisiecki and Raymo, 2005) and Soreq Cave Grant et al., 2012) records (details in Supplementary Material). The sedimentation rates show large variations, whereby glacial and interglacial stages are characterized by low and high rates, respectively. Radiocarbon ages of organic material in the DSDDP core (yellow triangles) are from Neugebauer et al. (2014 Torfstein et al., 2013a) . The extracted DEM value is subsequently used to correct the individual sample ages (i.e., 'single sample ages'), with an assumed (conservative) uncertainty of 30%, according to procedures described in Haase- Schramm et al. (2004) and Torfstein et al. (2013a) . Because the impact of a potential hydrogenous Th component is limited to several hundreds of years and is negligible in samples older than several tens of thousands of years, we do not consider this component in the calculations. The measured ratios, and the calculated ages are listed in Table 1 .
The age-depth model for the DSDDP core ( Fig. 3 ; Table 2 ) is based on the integration of the U-Th ages with oxygen isotope ratios in aragonite from the core, and lithological changes in the core, all of which are tied to key points in the LR04 and Soreq Cave δ 18 O records Grant et al., 2012; Lisiecki and Raymo, 2005) , as well as correlations between distinct stratigraphic units to well-dated counterparts on the exposed margins of the Dead Sea basin (details in Supplementary Material).
Chronology and stratigraphy of the DSDDP MIS5 interval
From the DSDDP core litho-stratigraphy, a first order observation is that glacial terminations and interglacials are characterized by halite, gypsum, and laminated silt clastics (Fig. 2) . The glacial intervals display thick sequences of the aad facies with some gypsum and silts during drier intervals (Fig. 2) . Here, we focus on the last interglacial MIS5 interval (328-177 mblf), comprising thick halite sequences interspersed with intermittent gypsum, sequences of silt layers, and some sequences of the aad facies. As already noted, these lithologies document major climatic shifts ranging tic silts and aad. The δ 18 O of DSDDP core aragonites show shifts to lower values, marking the MIS6/5 transition from wet conditions (characterized mainly by aad and silt facies) to the arid interglacial conditions. T 2 marks first major rise in sea level at the end of MIS6 (Grant et al., 2012) and overlaps with Heinrich Event 11 (Hemming, 2004) , when the Northern Hemisphere ice sheet breakdown resulted in the discharge of iceberg armadas into the North Atlantic.
Interval I-2 (320-303 mblf, ∼133-128 ka) marks the initial phase of MIS5, when both high latitude and equatorial summer insolation rise towards their MIS5e peak. The ∼17 m section comprises interlayered halite and silty laminae. The aragonite δ
18 O values are similar to the Holocene (i.e., +2 to +3❤), and both are lower than those of MIS6 (Fig. 4) .
Interval I-3 (303-280 mblf, ∼128-122 ka) coincides with the peak NH summer insolation during MIS5e. This ∼23 m section is mainly comprised of silt layers (Fig. 1) , with interspersed aragonite laminae. Despite its coincidence with the peak NH summer insolation and the highest sea level interval of MIS5e, the interval is nearly halite-free (Fig. 4) , indicating a temporal dampening of hyperarid conditions and increased wetness in the wa- (Vaks et al., 2007) and southern Arabian Peninsula (Hoti Cave, Fleitmann et al., 2003) , showing a prominent peak coinciding I-3, (C) The compiled facies curve (details in Fig. 2 caption) reflects regional wetter and drier hydrological cycles, (D) Eustatic sea-level (mbsl) (Grant et al., 2012) , (E) Soreq Cave δ 18 O record (green) and East Mediterranean (EM) sediment core LC21 record for planktonic foraminifera (gray) (Grant et al., 2012) . A negative δ 18 O excursion at ∼128-122 ka marks a threshold crossing (indicated by the green dashed curve) that corresponds to an exceptional intensification and northward expansion of the tropical (African monsoon) moisture sources, which occurred only during the MIS5e summer insolation peak (F). Other summer insolation peaks at ∼105 and ∼83 ka had a less dramatic effect though hyperarid conditions appear to have been dampened at both times (see text for details). The lake gradually recuperated from its post-MIS5e drawdown during the MIS5c and MIS5b. Grey rectangles mark the timing of halite deposition in the Dead Sea and blue rectangles mark the timing of sapropel events in the Mediterranean. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Cave speleothems (Fig. 4) , associated with sapropel S5 in the Eastern Mediterranean . The sapropel reflects extremely high Nile flow, caused by the unusually strong African monsoon associated with high equatorial summer insolation (Rohling et al., 2002; Rossignol-Strick, 1985) . Like the Soreq speleothems, the aragonite laminae from the I -3 interval show extremely low δ 18 O values (between −2 and 0❤), lower than any other time interval in the Dead Sea record, including the Holocene (Fig. 4) . , whose appearance is similar to beach deposits along the modern Dead Sea shores (Fig. S2) , suggesting its potential association with a paleo-shoreline. Together, the halite and pebble units represent a sequence of evaporation and lake level drop to below the paleo-elevation of the core site, in the deepest basin of the Dead Sea. In turn this suggests a major drawdown of the lake level at the end of MIS5e, which is supported by a ∼6-7 kyr sedimentary hiatus in the DSDDP record (Fig. 3, Table 2 ). Interval I-5 (∼234-210 mblf, ∼110-93 ka), lies above the pebble unit and comprises a ∼20 m thick sequence of silt sediments and sporadic gypsum layers. This unit marks resumed wetness and gradual recovery of the lake level during MIS 5c and 5b, coeval with sapropel event S4 in the Mediterranean, though the African monsoon, considered a potential driver of moisture delivery to the East Mediterranean-Levant region, was apparently weak during this time interval, as indicated by the gaps in several other regional records (Figs. 5, 7) .
Interval I-6 (∼206-177 mblf ∼90-70 ka) marks a return to hyperaridity during the transition into MIS5a, represented by halite and intermittent gypsum and silt. Subsequently, during the rest of MIS5a, a silt interval indicates more moderate conditions, possibly supported by a brief resumption intensified African monsoon activity (coinciding with S3 in the East Mediterranean; Rossignol-Strick, 1985) , and the re-appearance of an aad-dominated sequence marks the onset of the last glacial cycle and the transition to the Lisan Formation. 
Climate control on the East Mediterranean-Levant hydrology
The DSDDP sedimentary column provides a surprising perspective on the last interglacial climate in the Levant. Based on the long term relationships between sedimentary facies and climate in the Dead Sea basin, a more arid-related sediment facies (halite, gypsum and silt) would be expected to dominate during NH summer insolation maxima (MIS 5a, c, e) and wetter facies (silt and aad) during summer insolation minima (MIS5b, d). Accordingly, the MIS5e interglacial peak at ∼128-122 ka is expected to reflect extreme hyperarid conditions. Yet, the DSDDP stratigraphy shows that the MIS5e insolation peak is coincident with relative wetness in the Levant, which is also coeval with the S5 sapropel in the Mediterranean, it self associated with an intensification of the African monsoon.
The identification of the source of the MIS5e moisture to the Dead Sea watershed poses a perplexing question. The Mediterranean sapropel layers are considered to be the result of enhanced Nile River flow, fed by the remote precipitation increase in low latitudes, associated with an intense African summer monsoon (Rohling et al., 2002; Rossignol-Strick, 1985 ). Yet, the ability of monsoon-related southern-derived rains to directly impact the Dead Sea watershed is not trivial, considering the relatively high latitude of the lake and the distance from tropical Africa. However, a significant northern excursion of summer monsoon rainfall is displayed in recent general circulation models (e.g., Herold and Lohmann, 2009) , suggesting that the African monsoon influence could have reached as far north as the northern Arabian Peninsula and the southern end of the Dead Sea watershed, triggering summer rains of up to ∼30-60 mm per summer (Fig. 6) . It should also be noted that in recent years, the most significant floods in the southern Negev-Arava are the result of rainstorms associated with "tropical moisture plumes" crossing north Africa and impacting the deserts of the Middle East (Kahana et al., 2002; Rubin et al., 2007; Ziv, 2001 ). These storms can therefore provide an indication of an alternative, or complementary, efficient mechanism for the impact of southern sources of humidity on the Dead Sea watershed. Because of their localized impact however, they are not necessarily associated with a regional scale northsouth geographic trend, as indicated from their modern input in Sinai, Negev, Jordan, and NW Arabia deserts (Rubin et al., 2007) . Our hypothesis that southern rainfall sources affected the Dead Sea watershed during the MIS5e peak is corroborated by other regional hydroclimate archives (Figs. 1, 6 , 7) such as southern Negev Desert speleothems (Vaks et al., 2010 (Vaks et al., , 2007 , travertine-spring deposits in the Arava valley (Livnat and Kronfeld, 1985; Waldmann et al., 2010) , and MIS5e ages of calcification processes in the Red Sea coral reefs indicating enhanced coastal fresh groundwater activity in the currently hyperarid Gulf of Aqaba (Lazar and Stein, 2011) . The evidence from the Negev-Arava-Red Sea archives are supported by additional evidence from cave deposits in the southern Arabian Peninsula (Fleitmann et al., 2011 (Fleitmann et al., , 2003 , and spring and possibly lacustrine or groundwater overflow deposits in Northern and Eastern Sahara (Geyh and Thiedig, 2008; McKenzie, 1993; Szabo et al., 1995) , Arabia (Rosenberg et al., 2013) , and south Jordan (Petit-Maire et al., 2010 ; note however, a revised evaluation of the latter by Catlett, 2014) . Collectively, these observations indicate that tropical-derived precipitation could have reached as far north as the Dead Sea watershed during MIS5e, inverting the common hyperaridy persisting during full interglacials. As a result, the Dead Sea system was maintained above the annual hydrologic threshold of halite precipitation through the MIS5e peak, as reflected by core interval I-3. The collapse of the hydrological system was therefore postponed for several thousand years, until the effect of the southern humidity sources weakened (Fig. 5b) , and the annual inflow to the lake fell below the threshold of halite precipitation. Grant et al., 2012) . In contrast, cave deposits in the desert's margins (e.g., northern Negev Desert (Vaks et al., 2007 (Vaks et al., , 2006 and central Dead Sea watershed (Vaks et al., 2003) ) were active only during glacials (similarly, the Azraq Oasis in Jordan appears to have recorded wet conditions during glacial times; Cordova et al., 2013) while caves in the southern Negev Desert (Vaks et al., 2007) and the Arabian Peninsula (Fleitmann et al., 2003) were active only during interglacials. Similarly, although their timing is not as well constrained, wetter conditions occurred during interglacials in the Sahara (Szabo et al., 1995) and along the Gulf of Aqaba (Lazar and Stein, 2011) . The timing of sapropel (S) events is after Bar-Matthews et al. (2003) . A light-orange band at ∼116-110 ka marks the sedimentary hiatus in the core, which corresponds to a similar hiatus in records located south and east of the Soreq Cave. Grey rectangles mark the timing of salt deposition in the core. (B) The age normalized facies curve (red) for the DSDDP core and Dead Sea level reconstruction of the past 70 kyrs (black; Torfstein et al., 2013b) . The curves show good overlap, indicating that the facies curve is a robust recorder of lake conditions. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
An effective incursion of tropic-derived precipitation systems as far north as the southern Dead Sea watershed must have been limited to the peak of MIS5e (∼128-122 ka, coeval with sapropel S5 and DSDDP Interval I-3). Indeed, the S5-associated wet anomaly is well documented in both the DSDDP core and Soreq Cave, where The African monsoon contribution to Arabia declined gradually from the MIS5e peak until ∼110 ka, when it became negligible, as expressed by the declining frequency of cave deposits in Oman (Fleitmann et al., 2003) and in the Negev Desert (Vaks et al., 2007 (Vaks et al., , 2006 (Fig. 5b) . This resulted in a significant lake drop and a major phase of salt deposition, as reflected in the I-4 core interval and the sedimentary hiatus that follows it, between ∼116-110 ka. This lake-level drop marks one of them most extreme regional aridity cycles associated with the combined effect of a NH-dominated hyperarid interglacial, a weakening African monsoon, and the already moisture-deprived hydrological system of the Dead Sea watershed.
Recovery of the Dead Sea watershed from hyperarid conditions might be expected during MIS5d (∼116-110 ka), which is considered less extreme than MIS5e. Yet the hydrological system was still water-deprived and lake levels remained extremely low. Following the shift into MIS5c ca. 110 ka, the DSDDP record displays renewed deposition of silt and gypsum beds, indicating a limited and gradual recovery of the hydrological system. It should be noted that spring and cave deposits in the SaharoArabian area generally ceased forming during this time interval (Fig. 7) , reflecting continued hyperarid conditions. Thereafter, the gradual recovery continued through MIS5b, when global and regional climate conditions became more moderate, but terminated abruptly with the deposition of massive halite ca. ∼90-85 ka (206-199 mblf) . This arid spell was followed by relatively moderate conditions that could be related to the combination of a resumed, albeit brief, contribution of the southern rains during the peak of MIS5a (∼85-80 ka), coinciding with sapropel S3 in the Mediterranean (Grant et al., 2012; Rossignol-Strick, 1985) , and the gradual NH shift toward the MIS4 glacial stage, which imposed much wetter conditions in the Dead Sea watershed.
Summary and conclusions
Recent drilling by the Dead Sea Deep Drilling Project in the deepest basin of the hypersaline Dead Sea at ∼723 mbsl recovered sediment cores that record the late Quaternary limnological history of the lake and the hydro-climatic history of its watershed between the present day and MIS7 at ∼200 ka. This study focuses on the last interglacial period (MIS5), including new observations regarding the impacts of particularly intense precession-driven monsoons at the mid subtropical latitude of the Dead Sea watershed.
Relative wetness is reflected by sequences of alternating aragonite and silty laminae (aad facies), and increasing aridity is reflected by decreasing amounts of aragonite and a corresponding increase in the content of laminated detritus (ld facies), then gypsum, then halite. The chronology of the DSDDP core has been established by integration of U-Th ages of primary aragonite, δ 18 O oxygen isotope stratigraphy and comparison of the main lithological units to regional and global archives. The chronostratigraphy shows that the aad facies is largely associated with glacials, while halite deposition marks regional aridity and lake drops uniquely associated with interglacials.
The sediment sequence deposited in the Dead Sea during MIS5 records the interplay between the effects of NH climate and intense precession driven African moisture sources on the climate of the Eastern Mediterranean-Levant corridor. The NH climatology imposes arid interglacials and wetter glacials in the region, while particularly intense African monsoons, such as the one that generated sapropel S5 in the Eastern Mediterranean during the peak of MIS5e, moderated the aridity otherwise expected in the Dead Sea basin. The new findings confirm that in the absence of these tropical effects, the Levant corridor would have been extremely hyperarid during MIS5e, leading to an early catastrophic drop of the Dead Sea. Instead, a major lake drawdown took place during the late stages of MIS5e.
In the context of human prehistory, wetness in the region coeval with an intensified African monsoon may have facilitated hominid migration out of Africa (e.g., Frumkin et al., 2011; Lazar and Stein, 2011; Vaks et al., 2007; Waldmann et al., 2010; Walter et al., 2000) , while otherwise a regional climate barrier of aridity persisted across the Levant, Arabia and Eastern Sahara during much of MIS5. Finally, the findings reported here support general circulation model results (e.g., Held and Soden, 2006) predicting that warmer mean global temperatures may exacerbate an important resource problem by causing a decline in Levant fresh water availability.
